As a part of its "Safe, Better Tasting Tap Water" project, Tokyo Waterworks is installing additional chlorine injection (rechlorination) equipment at the water supply stations in order to stabilize and reduce the residual chlorine concentration in the entire service area by lowering the amount of chlorine injected at the purification plants. To effectively install the rechlorination equipment, the residual chlorine concentration prediction formula has been applied with time, water temperature, organic substance concentration (TOC) as the independent variables. Following certain adjustments to the prediction formula to take into consideration the decomposition of chlorine in the water supply station service reservoirs and in the transmission and distribution pipelines, the factors that caused the calculated concentration of residual chlorine to be higher than the actual concentration are now accounted for in the adjusted formula and the calculated values and actual values are closely aligned. Through the adjusted formula, it was determined that twelve water supply stations in the 23-ward area and seven in Tama area require rechlorination facilities given the reduced residual chlorine concentration at the purification plant outlets. As a result of this research, all necessary procedures are taking place to install the required equipment.
INTRODUCTION
In 2004, Tokyo Waterworks launched the "Project for Safe, Better Tasting Tap Water", and as shown in Table 1 it has established its own water quality goals as it works toward improving customer satisfaction. As a part of a comprehensive approach to achieving its goals, Tokyo Waterworks has set a target for 2013 to reduce residual chlorine concentration levels (which have a chlorine odor) to between 0.1 mg/L and 0.4 mg/L at the water tap. Tokyo Waterworks has a large service area of approximately 1,222.8 km 2 and water must travel a long distance from the water purification plants to the end point of the water tap. As a result, water taps that are located in close proximity to water purification plant outlets have a high level of residual chlorine concentration. As such, chlorine injections at the water purification plants have been reduced while at the same time chlorine injection equipment is being added at water supply stations which lie in the middle stage of the water distribution process as a means to reduce and stabilize the residual chlorine concentration over the entire service area (Hosaka, 2010) . The reduction in residual chlorine as a result of the rechlorination is depicted in Fig. 1 .
As shown in Fig. 2 , Tokyo Waterworks has eight water supply stations installed with the rechlorination equipment at the end of 2009 which is helping to reduce residual chlorine concentration levels (Matsuzaki et al., 2009) . However, in order to achieve the water quality goals set for 2013, it will be necessary to further install the rechlorination equipment to additionally improve the control over residual chlorine concentration levels.
-102 - Water quality goal
The purpose of this study is to determine the water supply stations which need the rechlorination equipment in order to achieve the water quality goal. The relevant water supply stations were determined by preparing simulations of the residual chlorine concentration at the tap through calculations using, as independent variables, water temperature and the presence of organic substances (TOC) in water in addition to time as factors which are relevant in determining the consumption of residual chlorine.
METHODS

Application of residual chlorine concentration prediction model
In considering how to deploy the rechlorination equipment, the "Residual Chlorine Concentration Prediction Formula" proposed by Sato et al. (2008) has been used.
This formula is used to determine the coefficient k b for the reduction rate in residual chlorine concentration in relation to the presence of organic substances (TOC) in water. The residual chlorine concentration prediction formula is used to compare the calculated concentration of residual chlorine to the actual concentration of residual chlorine at various water supply stations as well as at the automated water quality monitoring equipment for tap water in Tokyo (this difference is assumed to be the result of the volatilization of chlorine from the water service reservoirs at water supply stations and the amount of residual chlorine that breaks down in the water distribution pipes) and adjustments to the formula have been developed. Sato et al. (2008) have developed a parallel formula model that takes into consideration both the fast reaction and slow reaction of residual chlorine.
In this formula, t is time (h), C is the residual chlorine concentration (mg/L), C 0 is the initial residual chlorine concentration (mg/L), k f is the coefficient for fast reaction on residual chlorine reduction (h -1 ), k s is the coefficient for slow reaction on residual chlorine reduction (h -1 ), and z is the ratio of fast reaction. However, in analyzing the results of chlorine addition tests in the laboratory, from the time chlorine was added, it took an average of 4.7 hours for the reduction in residual chlorine concentration to reach 5% as a result of the fast reacting component. Thus, in the practical model used after the time when chlorine addition was increased from four hours to eight hours, the values z = 0 and k s = k b in equation (1) were incorporated into equation (2), while the prediction formula for k b is equation (3) with B being a variable. As a result, it is possible to estimate the residual chlorine concentration at the outlet of the water purification plant after chlorine was added by using an adjusting factor t B to account for the starting time and this is the proposed adjustment model.
In the above equation, k b is the coefficient for the reduction rate on the residual chlorine concentration (h 
In addition, the values for starting time, four hours after the addition of chlorine, are as follows.
B 0 = 7.39 × 10
Actual data used for modification of the prediction formula Because the prediction formula introduced by Sato et al. (2008) was based on experimental data, the actual data in the transmission and distribution system (shown in Fig. 3 ) were used for the modification of the formula in this study. Regarding the equipment used to add additional chlorine, it must be considered that residual chlorine consumption is particularly high in the summer months. In this study, minimum necessity of rechlorination equipment was introduced. Therefore, C 0, (TOC) and T values were set at the actual average values for the period from July to September in 2006, 2007 and 2008 in the 23-ward area ((TOC) = 0.7 mg/L, T = 25°C). The average values were used to minimize the regression error caused by the measurement error of residual chlorine.
As the rechlorination equipment in Tama area was studied in 2010 according to the conclusions in the 23-ward area that were studied in 2009, the actual data in Tama area were used for the period from July to September in 2007, 2008 and 2009 . Distributed tap water in Tama area is not only from Tone River basin but also from Tama River basin. There are three types of distribution network namely, Higashi-Murayama, Ozaku and Asaka purification plants. Therefore, TOC and water temperature are set respectively at 0.6 mg/L and 24°C for Higashi-Murayama, 0.5 mg/L and 22°C for Ozaku, and 0.7 mg/L and 25°C for Asaka.
Calculated values using the prediction formula were compared with the actual concentration of residual chlorine at the purification plant outlets, the water supply station outlets and the automated water quality monitoring equipment. Tokyo Waterworks has a complex network for water transmission and distribution systems.
Comparison between the calculated values and the actual data and modification were carried out in three respective parts of transmission and distribution. The first step is transmission from purification plants to the water supply stations that were reached first. The second step is transmission between two water supply stations. Many water supply stations mix the water from the different plants or stations in their supply tanks. Finally, distributed water from the water supply stations reach all water taps.
Determination of water supply stations with rechlorination equipment
After the modification of the prediction formula, determination of water supply stations which need rechlorination equipment was carried out using the modified equations. Figure 4 shows the determination of the facilities through trial and error method. -106 -initial concentration of residual chlorine at the outlet of purification plants must be corrected. After the correction, some of the calculated values of residual chlorine at the end, after a transfer distance that took over 48 hours, were below 0.35 mg/L. About 0.2 mg/L consumption of residual chlorine exists in each wide distribution network in Tokyo, especially in summer (Watanabe et al., 2008) . Because it should be necessary to maintain surely over 0.1mg/L at all water taps, the residual chlorine concentration at the automated water quality monitoring equipment should not be set below 0.35 mg/L considering a measurement error of 0.05 mg/L. Therefore, it is necessary to install the rechlorination equipment at the water supply stations where the areas' water contains less than 0.35 mg/L in the water supply stations. After input of additional residual chlorine concentration at the outlet of the water supply stations, when all the calculated values at automated water quality monitoring equipment were approximately 0.4 mg/L, all the necessary rechlorination equipment were determined.
RESULTS AND DISCUSSION Adjustments for differences between calculated values and actual values at the water supply station outlets
The prediction formula for the residual chlorine concentration described in the method above was used to calculate the value at t B equal to four hours after chlorine injection because the actual retention time after injection to measurement points of residual chlorine concentration for the water purification plant outlet is about four hours. Thus, the values for B 0 and k B are as indicated in equation (6). The initial residual chlorine concentrations C 0 in equations (2) and (3) were used as the residual chlorine concentration at the outlet of the respective purification plants. As shown in Fig. 5 , the calculated values differ from the actual results. It is considered that the actual values at the transmission and distribution stages are affected by the volatilization of residual chlorine in the water station service reservoirs and the break down in water distribution pipes (Fuchigami et al., 2003) . Therefore, through the steps indicated below, the prediction formula has been adjusted.
First, since it is considered that the difference between the calculated value from the residual chlorine prediction formula and the actual value is mainly caused by the volatilization of residual chlorine in the service reservoirs of water supply stations (Fuchigami et al., 2003) , the actual values used for adjustment are based on the data measured at the outlet of the water supply stations.
The regression analysis was carried out using the relationship between time and residual chlorine concentration at the outlet of the water supply stations. Then, equation (2) was adjusted to obtain the following empirical formula. As shown in Fig. 6 , using four hours as t B after the chlorine injection and the values for B 0 and k B as provided in equation (6) in the adjusted equation (7), the difference between the calculated values and the actual values for residual chlorine concentration at the water supply station outlet was approximately 0.05 mg/L within the allowance range for the automated water quality monitoring equipment.
Consideration of mixing at the water supply stations and modification between two stations
In actual practice at water supply stations, water can be mixed with water from other networks. In this case, when calculating the residual chlorine concentration, the ratio of mixing from water drawn from the immediate upstream purification plants or other water supply stations must be taken into consideration.
In this calculation using the prediction formula, regarding "Water transmission from purification plants" (Step (i) in Fig. 3 ), the starting time t B should be four hours after chlorine injection as the actual retention time in the purification plants because the initial value C 0 is the actual residual chlorine concentration at the purification plant outlet. As such, the values for B 0 and k B as in (6) for starting time of four hours should be used in the adjustment calculation using equation (7).
Regarding the calculation on the "Water transmission from mid-stream water supply station" (Step (ii) in Fig. 3 ), the starting time t B should add the number of hours it takes from the various purification plants to the water supply stations, to four hours as the actual retention time in the purification plants, because the initial value C 0 is the calculated value at the mid-stream water supply station outlet using the modified prediction formula in addition to taking into consideration the mixing of water in the reservoir of the mid-stream station. As such, B 0 and k B should be taken from equation (5) for starting time that occurs any time after eight hours. In this case, residual chlorine concentration after the mid-stream station outlet should not be calculated with equation (7) but rather the non-corrected equation (2) because t is the time from the purification plant, not from the mid-stream station.
As a result, the calculated values used after taking into consideration mixing and equation (2) are somewhat higher than the actual values in the pattern for "Water transmission from mid-stream water supply station". Therefore, it was considered that modification should be given to the difference in values for the cases from a mid-stream water supply station outlet to the next water supply station outlet. There was the average difference of 0.03mg/L between the calculated value and the actual value of the outlet under the mixing of water received in the next water supply station. Therefore, the modified prediction formula for the residual chlorine concentration of the water supply station where water is received only from mid-stream stations was introduced as follows.
Adjustments for differences between calculated values and actual values at automated water quality monitoring equipment for tap water
Finally, the prediction formula was run using automated water quality monitoring equipment for tap water to test for the residual chlorine concentration (Step (iii) in Fig. 3 ). The initial residual chlorine concentration C 0 was used as the initial value considering the mixing for the relevant water supply station in the distribution area. In addition, the starting time t B is the time for the water to travel from each purification plant to the terminal water supply station plus four hours (after chlorine injection as the actual retention time in the purification plants). The residual chlorine concentrations at the automated water quality monitoring equipment were calculated using t for the time to reach the terminal water supply station and using equation (2) (not using the correction method for difference from the purification plant to the water supply station) , and using the value in equation (5) After the calculations, it was determined that the calculated values from the prediction formula were consistently slightly higher than the actual values. As such, considering the effects of the water distribution pipe walls, a linear regression was run using the time traveled from the water supply stations as a function and the adjustment formula (9) was introduced.
Adjustments made to the residual chlorine concentration prediction formula for the Tama area In the previous sections, the adjustments to the prediction formulas were made for the 23-ward area for the three different interval patterns of (i) purification plants to water supply stations, (ii) water supply station to next water supply station and (iii) terminal water supply station to tap and the results of the prediction formula closely match with the actual values. For the Tama area, using the same strategy employed for the 23-ward area in 2009, adjustments to the prediction formulas were developed in the next fiscal year using actual values from July to September in 2007 September in , 2008 September in and 2009 . However, there were some changes to the manner in which the adjustments to the formula were made because the water sources and distribution areas have differences.
One of the differences is that the water quality of Tone River water systems differs from Tama River system and, as a result, the adjustment formula corresponding to equation (7) (Step (i) in Fig. 3 ) was individually derived using the data from Higashi-Murayama, Ozaku and Asaka purification plants.
Another difference is that water must often be transmitted from the purification plant through the many water supply stations (Step (ii) in Fig. 3 ) before finally reaching the end user because the Tama area is larger than the 23-ward area. Figure 7 shows that the differences between the actual values and the calculated values of residual chlorine concentration relate to the number of water supply stations passed prior to the final station. Therefore, it is considered that the calculated values of the residual chlorine concentration drops by 0.044 mg/L for each water supply station. Due to the adjustment with the consideration of the number of water supply stations to the prediction formula from station to station, the calculated values of residual chlorine concentrations at the final water supply station outlets became closer to the actual values as shown in Fig. 8 .
Validation provided by actual measurement values
The actual values and the calculated values using the modified prediction formulas for residual chlorine concentrations at the automated water quality monitoring equipment were compared for the summer period from July to September not only for the years -111 -residual chlorine concentration at the relevant station outlets was added with the actual rate of rechlorination injection.
As shown in Fig. 9 , the actual values and the calculated values almost correlate on a 1 : 1 basis and the derived formula was correct in predicting the actual values for the 2006 -2010 summer periods. Based on this, for both the 23-ward and Tama areas, the derived formula can be used to predict the residual chlorine concentrations at the points of the automated water quality monitoring equipment.
Rechlorination equipment at water supply stations using the prediction formula for residual chlorine concentration Tokyo Waterworks is building advanced water purification facilities so that by the end of 2013 all the water drawn from Tone River is treated at the water purification plants by advanced water purification facilities. The residual chlorine concentration level at the outlets of the main water purification plants was set in a manner so that the residual chlorine concentration reaching the automated water quality monitoring equipments in the direct water supply area from the purification plants has a residual chlorine concentration level of approximately 0.4 mg/L. This is based on the assumption that the TOC concentration is 0.6 mg/L and all the water is processed by advanced water purification facilities. Based on the above, some residual chlorine concentrations are calculated less than 0.35 mg/L. Thus, the simulations were run to consider which water supply stations required rechlorination and to determine the rate of additional chlorine to achieve the calculated residual chlorine concentration of approximately 0.4 mg/L at all automated water quality monitoring equipment. These results are shown in Fig. 10 as well as in Fig. 11 . As shown in Figs. 10 and 11, the left bars indicate the residual chlorine concentrations at the water supply station outlets and these concentrations decrease to the levels shown on the right bars at the water taps. For the indicated water supply stations, the black parts on the right indicate that the residual chlorine concentrations at the water taps are less than 0.35 mg/L, but with rechlorination, it is predicted that the residual chlorine concentrations can generally be increased so that 0.4 mg/L can be achieved as the white parts on the right indicate.
In the 23-ward area, the rechlorination facilities have been installed by 2009 at Shiba, Nishi-mizue, Kasai, Toyozumi and Kohtoh and as this study has made clear, rechlorination facilities need to be incorporated in more locations. In addition to the eight locations that currently have the rechlorination equipment, it is understood that installation will also be needed at the four locations of Izumi, Kamiikedai, Mizumoto and Yodobashi for a total of twelve locations with the equipment in place.
Similarly for Tama area, as shown in Fig. 12 , rechlorination equipment will be required at the seven water supply stations and pump stations. 
CONCLUSION
Tokyo Waterworks is continuing to install rechlorination equipment at water supply stations as part of its efforts to standardize and reduce the residual chlorine concentration level over its entire distribution area by reducing the amount of chlorine injected at water purification plants. The independent variables time, water temperature and organic concentration (TOC) were used in the prediction formula for residual chlorine concentration to help determine the most effective way to install the rechlorination equipment.
The first derived formula for residual chlorine concentration is a prediction formula obtained in a laboratory experiment using water temperature and TOC concentration as experimental conditions. A comparison between values calculated based on the prediction formula and actual residual chlorine concentration at taps demonstrates that the former are slightly higher than the latter. The difference is believed to arise from the volatilization of chlorine in service reservoirs at water supply stations and other factors.
Based on the above results, the prediction formula is modified using actual residual chlorine concentrations as measured during summer season (July to September) of the past three years at the outlets of water supply stations and at water taps. Corrections are conducted in three steps, i.e. from outlets of a purification plant to the water supply stations receiving water initially, from these to the further downstream water supply stations, and from the water supply stations receiving water finally to water taps within the service area of these water supply stations. Transmission and distribution systems form complicated network, and tap water for service reservoirs at water supply stations are mostly made of a mixture of purified waters from the purification plants. Thus, in deriving corrected formula, a mixing rate of respective purified waters is considered in addition to their respective times travelled from the purification plants.
After the reduction of residual chlorine concentration at the water purification plant outlets has been implemented, it has been determined that rechlorination equipment should be installed in twelve facilities (eight facilities have been completed) in the 23-ward area and seven facilities in the Tama area. Currently, Tokyo Waterworks is proceeding with its efforts to complete the installation of the rechlorination facilities by 2012 as shown in Fig. 12 considering factors such as site locations and future water distribution as determined from the results of this study.
